Rabbits were immunized with either RNA polymerase I or poly(A) polymerase that had been purified to apparent homogeneity and was devoid of nucleic acids. Sera from rabbits thus immunized were screened for antibodies against nucleic acids. All seven rabbits injected with RNA polymerase I but none of the four rabbits immunized with poly(A) polymerase produced anti-nucleic acid antibodies. Anti-RNA polymerase I antibodies were induced after a single injection of the enzyme. Anti-polynucleotide antibodies were not detectable until after the second immunization. Anti-RNA polymerase I antibodies could be detected with as little as 100 pg of purified RNA polymerase I in the radioimmunoassay. At least 50 ng of poly(A) or 200 ng of DNA was required to detect anti-nucleic acid antibodies. The immunoreactivity of anti-RNA polymerase I antisera was greater with synthetic polynucleotides than with DNA, particularly early in the immunization schedule. Alkaline phosphatase treatment of poly(A) to remove 5' phosphates nearly abolished its antigenicity with respect to the early sera and decreased antibody binding of later sera by 60%. These results indicate that the anti-nucleic acid antibodies produced early were primarily directed against determinants including the 5'-terminal phosphates while antibodies produced later were directed against other sites. The antinucleic acid antibodies and anti-RNA polymerase I antibodies formed two distinct populations that were not immunologically crossreactive. We suggest that after injection, RNA polymerase I becomes associated with the nucleic acids present in blood plasma which renders them immunogenic; thus, association of nucleic acids with autoimmunogenic RNA polymerase I may be one of the mechanisms by which anti-DNA antibodies are induced in systemic lupus erythematosus.
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Sera from patients with systemic lupus erythematosus (SLE) and other rheumatic autoimmune diseases contain antibodies against a variety of proteins and nucleic acids in the cell nucleus (reviewed in ref. 1) . It has been postulated that phosphodiester bonds of nucleic acids are autoantigenic determinants in both human SLE (2) and the murine lupuslike syndrome (3) . Recently, we identified RNA polymerase I (4) and protein kinase NII (5) as target nuclear antigens in SLE, rheumatoid arthritis, and mixed connective tissue disease and demonstrated (6) that phosphorylation of the polymerase can dramatically increase its antigenicity with respect to SLE patient autoantibodies. The importance of phosphate groups in the autoantigenicity of both RNA polymerase I and DNA and the recent reports that anti-DNA autoantibodies were capable of reacting with phospholipids (2, 3) and proteins (7) suggested that anti-RNA polymerase I antibodies might crossreact with DNA. In addition, since RNA polymerase I can interact with DNA as part of its biological function, it is plausible that association of the immunogenic enzyme with DNA, which is present in blood plasma (8) , might induce production of anti-DNA antibodies. These possibilities were tested in the present study by analysis of serum from rabbits immunized with purified RNA polymerase I for anti-nucleic acid antibodies.
METHODS
Enzyme Purification. RNA polymerase I (9) and poly(A) polymerase (10) (11) (12) were purified to apparent homogeneity from isolated nuclei of the serially transplanted rat tumor, Morris hepatoma 3924A. Purified RNA polymerase I had a specific activity of 125-170 units/mg of protein and exhibited a single Coomassie blue stained band on polyacrylamide gels electrophoresed under nondenaturing conditions (data not shown), which is consistent with our earlier data (9) . Purified poly(A) polymerase had a specific activity of greater than 4000 units/mg of protein and exhibited a single band on polyacrylamide gels stained with Coomassie blue after electrophoresis under denaturing conditions (data not shown). Enzyme units and assays were as described (9, 10) . Neither the RNA polymerase I nor the poly(A) polymerase used for immunization contained nucleic acids even after concentration as judged by analysis of the most sensitive assays.
Immunization. Male New Zealand White rabbits were injected subcutaneously every 2 weeks with either purified RNA polymerase 1 (50 pug) or purified poly(A) polymerase (25 pig). The injected enzymes (0.25-0.50 ml) were emulsified with an equal volume of Freund's complete adjuvant. Sera were prepared (13) from arterial blood collected every 2 weeks and stored at -20'C.
Radioimmunoassay. The standardized radioimmunoassay (4) (Table 1 ). In contrast, sera from all seven rabbits immunized with RNA polymerase I contained a significant quantity of antibodies against DNA (Table 1) . Thus, immunization of rabbits with RNA polymerase I, but not with poly(A) polymerase, seemed to induce the production of anti-DNA antibodies.
Reaction of Anti-Poly(A) Polymerase and Anti-RNA Polymerase I Antibodies with Polynucleotides. Anti-DNA antibodies found in human (2) and murine (3) lupus and in animals immunized with cardiolipin (16) are capable of reacting with a variety of single-and double-stranded nucleic acids. The serum from the rabbit with the highest titer of anti-DNA antibodies was tested by radioimmunoassay to determine whether antibodies with broad polynucleotide reactivity were also produced by a rabbit immunized with RNA polymerase I ( Time Course of Anti-Poly(A), Anti-DNA, and Anti-RNA Polymerase I Antibodies. Next, sera from a rabbit immunized with an RNA polymerase I were monitored for over one year for anti-nucleic acid and anti-RNA polymerase I antibodies. The same preparation of purified enzyme was used throughout the injection schedule. As shown in Fig. 1 , a significant quantity of anti-RNA polymerase I antibodies was present in the serum two weeks after the first injection, but no antipoly(A) or anti-DNA antibodies were detected. Two weeks after the second injection of the polymerase, antibodies capable of reacting with nucleic acid were detectable. After three more injections at 2-week intervals, the titer of anti-RNA polymerase I antibodies continued to increase, while those against the nucleic acids remained fairly constant. The titer of anti-DNA antibodies was always much lower than that of anti-poly(A) antibodies. After the sixth injection of RNA polymerase I, the rabbit produced increasing quantities of anti-RNA polymerase I antibodies. Anti-poly(A) antibodies appear to have increased in response to this injection but then returned to the previous level. The quantity ofanti-DNA antibodies remained relatively low even after the sixth injection. However, following the seventh injection of purified RNA polymerase I, there was a dramatic increase in the anti-DNA antibodies. The quantity of anti-poly(A) and anti-RNA polymerase I antibodies also rose after this injection, but the increase in these antibodies was not as great as that observed for the anti-DNA antibodies. In fact, the level of anti-DNA antibodies was at least 3-fold higher within two weeks of the final injection of the polymerase. All three types of antibodies, then, remained at fairly stable levels for nearly 8 months.
Competition of Antibody Binding to RNA Polymerase I. RNA polymerase I is a complex molecule composed of several polypeptide subunits, each of which is phosphorylated in vivo (17) . A significant fraction of the autoantibodies against RNA polymerase I in the sera of SLE patients appears to be directed against these phosphorylated sites, but these sites do not appear to be antigenic in our rabbits (6) . Neither dephosphorylation nor further phosphorylation of RNA polymerase I had an effect on the anti-RNA polymerase I antibody reaction. Nevertheless, it was possible that the anti-nucleic acid antibodies in the rabbit anti-RNA polymerase I antisera had actually been produced against phosphorylated sites of the enzyme. Further, although not considered likely, it was possible that a small polynucleotide might have been associated with the purified RNA polymerase I when it was injected into the rabbit. In either case, a polynucleotide would be expected to compete for antibody binding to purified RNA polymerase I in a competition radioimmunoassay. Thus, RNA polymerase I or DNA was adsorbed to microtiter wells and incubated with a limiting amount of anti-RNA polymerase I antiserum that had been incubated with various quantities of either the enzyme or DNA. As would be expected, increasing quantities of either soluble RNA polymerase I or DNA resulted in log-linear decreases in the antibody bound to the wells that were coated with the same antigen (Fig. 2) . These results showed that the antibody concentration was limited and that conditions were appropriate for competition. However, preincubation of the antiserum with soluble DNA had no effect on antibody binding to RNA polymerase I, and preincubation with the polymerase had no effect on antibody binding to DNA (Fig. 2) . Similar results were obtained when poly(A) was substituted for DNA, although DNA could compete (but not totally) with poly(A) and vice versa (not shown). Thus, the antiserum contained two distinct populations of antibodies; one was directed against RNA polymerase I, and the other was directed against polynucleotides.
Effect of Endoribonuclease Treatment of DNA on Its Reaction with Anti-RNA Polymerase I Antisera. Synthetic polynucleotides were more antigenic with respect to the antibodies in anti-RNA polymerase I antiserum than a comparable quantity of DNA (Table 1) , particularly in sera collected early in the immunization schedule (Fig. 1) . Because the synthetic polynucleotides were shorter than the DNA, these results suggested that a significant fraction ofthe antibodies were directed toward sites at the ends of polynucleotide chains. To investigate this possibility, the effect of endoribonuclease treatment on the antigenicity of DNA was tested by radioimmunoassay in which 50 Al of DNA was adsorbed to each microtiter well, and antisera were diluted 1:10. Generation of additional 3' OH and 5' phosphate termini by treatment with the restriction endonuclease Hae III resulted in an increase of nearly 5-fold in the immunoreactivity of DNA with antiserum collected (12.5 weeks) early in the immunization schedule (untreated, 689 62 cpm; Hae III treated, 3321 + 158 cpm) but less than a 1.5-fold increase in serum collected later (34 weeks) (untreated, 1191 + 93 cpm; 1763 + 109 Hae III treated). These results indicated that a significant fraction of the antibodies produced early were directed against antigenic sites located at the ends of polynucleotide chains and that more of the antibodies produced later were directed against other sites.
Effect of Phosphatase Treatment on Antigenicity of Poly(A).
Several recent reports have provided evidence that the phosphate groups of polynucleotides are of primary importance in the antigenicity of nucleic acids in both human (2) and murine (3) lupus. In view of these reports, it seemed possible that the 5'-phosphates of the polynucleotides were involved in the antigenic determinant sites for anti-RNA polymerase I antibodies. To test this possibility, 5' phosphates were removed from poly(A) by treatment with alkaline phosphatase, then 50 pug of treated or untreated poly(A) was adsorbed to microtiter wells. Serum used was diluted 1:80. Alkaline phosphatase treatment nearly abolished the antigenicity of poly(A) with respect to antibodies produced early (12.5 weeks) in the injection schedule (untreated, 5368 + 58 cpm; phosphatase treated, 390 ± 96 cpm). With serum collected later (34 weeks), phosphatase treatment decreased the antibody binding only 60% (untreated, 8104 + 121 cpm; phosphatase treated, 3108 ± 75 cpm). Hence, the 5'-phosphates of polynucleotides appear to be involved in antigenic sites early in the course of antibody production but not particularly to be involved later. Reaction of Anti-RNA Polymerase I Antisera with Nucleotides. The phosphatase and nuclease treatment experiments indicated that anti-polynucleotide antibodies directed against sites other than 5'-phosphate termini were produced in higher proportion later in the immunization schedule. This was further investigated by testing the sera for antibodies capable of reacting with individual nucleosides and nucleotides (Table 2). Antibody binding to any of these antigens could not be detected with serum collected early, whereas serum collected later contained antibodies capable ofreacting with all ofthose tested. Thus, antibodies against antigenic sites, which include the 5'-phosphate termini of polynucleotides, appear to be produced early while those directed against sites, which include the purine or pyrimidine ring structures, are produced later. The antibody reactions with individual nucleotides and nucleosides were quite weak compared to the reaction with polynucleotides and were not detected with serum dilutions greater than 1:10 (data not shown). This indicates that the majority of the antibodies against polynucleotides in this serum were directed against antigenic determinants formed by the polynucleotide chain.
DISCUSSION
The present study has offered a mechanism by which nucleic acids may become autoimmunogenic. Seven out of seven rabbits, each immunized with a separate preparation of purified RNA polymerase I, produced antibodies against the enzyme and against nucleic acids. In the one animal that was monitored over time, anti-nucleic acid antibodies were produced shortly after those against RNA polymerase I were elicited. Because RNA polymerase I binds to polynucleotides as part of its biological function, it seems likely that association of the nucleic acids present in blood plasma (8) with the injected enzyme rendered them immunogenic. Alternately, cell damage, resulting from inflammation caused by immunization, could release the cellular DNA that could then bind to the injected enzyme and, thereby, render itself immunogenic. It is well established that nucleic acids are nonimmunogenic (18) (19) (20) unless conjugated with an immunogenic protein (21) . It is possible that binding of serum polynucleotides to the autoimmunogenic RNA polymerase 1 (4) could induce the immune response against nucleic acids that occurs in SLE. Interestingly, tissue injury has been postulated to play a role in autoimmune diseases (1). (1985) phosphatase or kinase drastically alters the immunoreactivity of the polymerase with patient antibodies (6), protein phosphorylation appears to be involved.
